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OPTIMAL lCASURE1’EhT UNCERTAINTIES FOR MATERIALS ACCOUNT1 NC

IN A FAST BRJXDER REACTOR SPENT-FUEL BXPROCESSiNC PUNT

!,

Uamman A. Dayen, Zdvard A. Kern, ●rtd Jack T. Murkin
Safaguardn Syotems Croup

Lot Alamo- Ratiorul Laboratory

ABSTRACT

Optimization Lochniquec ● ra u-ad to calcu-
late maasurament uncertainties for mstarialm
●ccountability inoLrumencn in ● faot breadar
resctor SpQnc-fual raproceasing plant. Opt imal
mamouremant uncertaintiso ● rc calculated so thar
performance gosls for det~cting mmtarialo loot
● ra ●chiavcd whlla minimizing cha total irrctru-

ment drvalopment cost. The optimizmtien machod-
ology is useful in ●nawering the followins quas-

tionc.
(1) Givtn limitad dcvelopmont rasourcan,

what maasur~mont technology improvomonto

providm tho mmximum incraaoc in account-

ing system porformenca?

(2) Uhich ● asourmmcnt uncarca.nriac dominato
chc matsrials balance variance?

(3) Uha: VAIUOS of mosauromcnc uncartaintlos
ara raquircd to ● et a Sivcn porformanca
goal?

Improvod mscarials ●ccounting in the chemical
saparation~ procona (lL1 kg Pu/day) to moat 8-kg

plutonium ●brupt (1 d-y) and 40-kg plutoniua
procracccd (6 ●onthm) looo-dotcction SOS1O ra-
quirwa:

0 procass tank voluma ●nd concentration
m~aouramcntfi hsving prccioions :1%;

o ●ccountability and plutonium uampla tank
Volume ● aasurtmgnta h,mvinS prucioionn

:0.3%, short-tarm corralatad ● rroro
:0.oilz, and long-tarm corralacad
● rrora ~0.04Z; and

o ●ccountability ●nd plutonium ●ampla tank

concentration m~aouromanco hmvlrq pra-
cisions :0.lbx, short-cqrm corrmlatmd
● rrors :0.12, ●nd Aong-term corrm-
laLad ● rrors ~0.05X.

1. INTRODUCTION

*t9ri~la SCCounLift~ ●yocams for various
faciliLimn in tha nuclaar fuel cyclal-5 tradi-
LioMl)Y Calculata Lh- mat-ritlm ●ccountirts
eyntoms performance by proponin~ ● mmaaurount

●yotam be-cd on curranL ccchnolo~y or roaoonabl~
●xLrapolations of curranL ttchnolo~y. The Mmn-
uranant uncarLaintlas for ● ach propoosd insLru-

mant wara combinad and propaSatod LO obtain ● n

.-——

overall Mater ialc losm-d.tectio~ 6e25:Kl\11L j.,

In chit paper the ● pprc h is reverfied. de
●alect cpecific ●ccounting perforffian:e deals ● nd

u-m optimization techniques Lo calcuiate Beas-

ur~ment uncrrtaincies required to ❑ eet these

goalc uhila mlnimizi~ the jnstrum~nt ’s total

davalopmant cost of tha oystam.
The Hot Lxpmrimencal FaciliLy6!7 (HEF)

ua n choa~n am the refarenco facilicy for the

optimization calculations. IL was desisned uncle.’

the Consolidated Fual Reprocessing Progra= ten-”
torod ● t Omk Ridao dational MboraLory. Tt,e HLF

incorporates ● modifiod ?uro~ procas6 chat ●llows
coprocaosing uranium and plutonium. Tha f]ow

●hact 10 bmmcd on r@prOCtn~ing 0.5 LOnne ’dJF of
braadar reactor fuel. The major process ar~as
● re (1) ●pent fual r-calving and sco:diel (J,’ me-
chanical proceaaing ●nd fcad prtparaLion, (3) co-

daconcamiMtion/parLitioni ng, (-) urd:,.~:, puri-

fication, ●nd (~) uranium-plutonium COpUr:IiCd-

tion. Tho NET daaign includes a coLanverblon

proccos that u. do not ●ddrasc here.

11. NATERIALS ACCC)lJK~tiG PERFOWWiCL GOALS

Tabla I list- fr : lcvals of mater’lals
●ccounting p~rformancm Boalc. The first LWJ
lsvalm corraopond to I likaly ran~o of maasure-

● mnc capabi~iclaa, Lhe third ●nd fourtl, Javalt

to dacirad international ●nd domascic aoai~. itlt

flrat porformenco SOA1 is beo.d on staLa-of-the-
art inocrumantation. Tha nacond goal reprattnts

rmaaoNblG ●xLrapolationa of currcnL Lmchnoloky.
Tha third goal Is bmmod on Intsrnmtional AIor+lc

Inargy Agency (IAU) crlttria ●nd th fourth 011

Suclaar R@guistory Comraisoion (NRC) SOAIS that
● rm now beinB considaro’.

Esch parformnca DO*1 inciud~o dcL.ctlon of

● n •brl~pc (ohort-term) ●nd ● protracted \ long-

t@rm) divmraion with BiVOn daccction #nd f~lc~-
ahrm proMbllltlan. Those quantlLict ● re used

to calculata the mm~fmum VSIUO of the maLerlal-
bblanca ●tandard doviacion thaL will m@~L th~

Porfo-net Seal.
Nota Lhat tha plant throu~hput ic ~111 %

●f pluLonium par day ●nd that the chemlc’al sepa-

tatlon ●nd fmad proparttion portloll~ Of 111-

procans can hmvc ● n invantory of %;5.1 L* al

plutonium.
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TABLE I

?ERFoRHANCE GOALS

coal

1. Current technology
Abrupt
Protrmctad

2. Improved technology

Abrupt
Protracted

3. lAEA
Abrupt
Protra:tad

L. NRc
Abrupt
Protracted

ABormt @
Detection

(kg pu)

16
150

e
40

8
e

2
2

Detection
Time

1 day

6 ●onths

1 dny
6 months

7-10 daym

1 yaar

1 day
6 ●onths

111. MATERIALS PtLASURENEST AND ACCOUNTING SY3TICY

The facility matarialc mea-uremenc ●nd
●ccounting syscdm (WAS) combinam convancional
matcrialc ●ccounting and near-raal-time account-
ing (NRTA) ●nd servtt saveral functions including

proce~s monitoring, dometcic Bafm&uardm, ●n d
inLernacional ●afaguards. It ●mpioys sampling

●nd chamicml ●nalvsia, wi~ht ●nc volume meam-

urrments, ●nd nondestructive sooey (\iDA) instru-
mencat ion, supported by dat~ bare manogcmenr and
data ●nalytic techniques. For conventional

●ccouncira the fa:iliry is divided into four
Hal+k :

(I)?4BA i - lUCI re:eiving, ecora~w. chop,

●nd leach;
(2)sfBA2 - chmnical reparations;

(])HBA ] - urenium-plutonium oxide ator-
●~e; ●nd

(AI) HBAL - urmn;um-oxide clora:e.
In the procemv ● reafi, cb,lvefitionnl macarinls
eccouncing in ●u~manted by cwo NRTA otrsteaiee.
In the first etretegy, faed preparation pmceeoer

were treated ● s onr UPAA (UPAA 1) ●nd chemical
eeparaciont procenoee wera creecod ct ●nothvr
(UPAA 2 1). In tha rnecond, the chemical ●wpara-
ttons UPAA war f~rt).ar aubdividad into UPAA i’

(codecontamlnac ionlpartk.ioninB procaoeee) ●nd

UPAA ] (urenium-pluton{um cc!purificatiorr proc-
•et~m).

Haasurement po{nte were identi!iad in Raf.

8, se wara ●ppl{cr~le meaeuremant !ypec mnd
● rrore representative of current technology. Tn ●

rafe ● nrc maaeurmmcntc ● re uned ftir proceom con-
trolfu ●nd materlajs ●ccounting. Thie ● oao-
uromant ●yetmm it e rcrasonabla etert{ng point
for the optimi~ation calculation. Maving euch
s refarcnre cyetem putt ‘nto perepoctive the rite

o! (mprovamanto to ba ,JadQ co ● e-t propomad per-

formance ooals.

Dataction

0.5
0.5

0.s
0.3

0.95
0.95

0.5
0.5

Falae-Alarm

Probability

0.025
0,025

0.025

0,025

0.05

0.05

o#o~5

0.025

)ieterlaln Balance

Standurfi Deviation
Upper ~ifiit

(kg pu)

B
75

b

20

2.14
2.L

1
1
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s

)

1

s

1
1

1

I
3

b

J
1

L,;

[.1

1
1

1
1

1
9.2

1
0.2

b.~
1.,

1
0,2

1
c,;

I
1,>

1
L,.

b.)

cl,
b.

U?M I - Pwd Pr*pmrati On
h racnllbrmtlon 23a 1272 30.3 1099
W“kly ru.libmtion 23.2 746 3.9.1 1230

u?Ma- Cdacontmmi Mtion:
Pwtitisnirq

S0 raalibratlon 11.8 970 19,5 954
UUhly rualiwmtlon 11. a 210 19.1 160

U?M 3 - Cqurificatien
k rmalibr.tlon 11.1 560 1E,2 9]7
WWKIY r...llumtlon 12.1 220 10.2 376

uPM 2 3 - CPI.9ic.1 m.pm. tion.
~ rualtbracion 1s,2 106 25,1 ,..

W“uly recall kation 15.2 144 2s,1 >18

Goal 1, ●hrupc and protracted loan-detection

~oals, can be met in the chemical ●eparst ions
ares (UPM 2 3). The protracted goal can be met

only by weekly recalibration of feed ●nd produce
concentration ■eanuring instrumsn Lc. Abrup.

lees-detection ~oalo can be met in the codacon-
tmination/pa rtitioning ● rea (UPM 2) ●nd the
copurificatlon ● rea (UPAA 3). The losm-detection
sensitivity for UPAA 1 will not mwo. goal 1 per-
formance. Coale ?, 3, and k cannot be met by
current maaouremant cechnol~gy in any of the
UPAA1 .

The physical i venrory taking (fIT) loss-

dete:tion ●ansitivlty is ●quivalent to th~t of
rhe 6-months tccouncing ptriod. Therefore, PIT

will ●atisiy performance goal I only in the
chemicsl neparacionm ● raa and only if che fead
●nd product concentrccion measuring in9crtlm[. ts
● re recalibrated once ●very waek.

The problem now is to calculate maamuramenr
uncartaint ias that will remet ●ach of the rerform-

●nca goalo whi:e minimizing tha tocel oystem
davelopmmnc root,

v. OMISAL ALLOCATION OF HEASURLHENT UNCERTAIN-
TIEs

The problem of calculating minimum devclop-

wnt cosc uncertmintias to meat ● given Dyetems
par[omance teal can be formulated *S ● n optimi-
sation problam. To do SO, we mueC write ● ●t: of

ronstrsinc ●quations for measurement ● rr~r com-

ponent e (Oi) ●nd ● n objective function th~t
relatme tham to inocrumnt devalopmanr :,OPC, Tha

mater(alo bmlance standard d~viation (eHB)
~~ar be Ieoe than or ●qual co m specifie+ abrupt

eyetama perftirma.ma goal (Oa) ●nd a ●pacl-

fied protected ●yeteme perfomence coal (OF).

In ●ddition to the conecrairrrs impcned by
materie;s belance uncarraintiee, upper ●nd Iowar

I(ra{ts on ●llowabla ntandard deviacicn for ●ach
■eaouremant ● rrc r compOnent Ll~ are dos{rabla

to ●afiura ● raaeunehle uncertainty calrklar ion.
Claarly the upper limit (Ouf) ●houl~ corra-
opond to the current tnetru~nt parformanre and

tha Iewar limit (0~~) ehould b~ t:sed on tne
jud~manc o! inetrumanr demtgnars ●bout reasonably

—
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●ttaiubla inscrtaerit uocartaiutiem. T’hrefore,

cha constraints for our problam aro giTen by

‘Li < ‘i ~Uui (i= 1, . . .. N=) .

Vmms Iv

I’h C*fficiants hi ●nd ?9i ● ra cdcuhtad
frm Lhe remount of metarlal iq mmesurad *OII
the Iaqth of the ●ccuuntl~ period.

To Ctt+,to fot’mulati~ unCOFtaiYIt~ •llOC~-

tloo am ● n optlm.imetion problmm, tk coat of

uncartalnty roducr.ion mwt b lmcorporatad in ● n

objectiro function. For this study um chooo ● t
●quilataral hyperbola to raprasatt tbc ra2atiw@

Comt of impro=i~ a mea8urant uaartalnty.
Any other conwax comt function cm ba wad for
●ath namurement uncertainty cnmpmmt. The
rolatiw cost (c,) of improviw t~ ith uaoura-

ment ● rror componant lB Siran by

0.-0.
Ci - “ ‘~- 1 ,tTi - O,i (2)

Whar9 Oui E vpp.r limit of Oi (rapromantacivc of
currant technology), and Oli = lowgr limit

of oi (probablm limit of dwalopm-nt).

‘Il. RESULTS

WC umod optimization tcchniquas to calculaca

meaturomcnt uncartaintien 00 that parformenca
SOSIS for dctaccinu matorialo 1000 ● ra ●chicvcd

uhilo total davalopment coot of tha inscrumencn
{o ~{nimitad. Haamurament uncartaincita Vera

calculated for ●ech IJPAA end for ~~vtral casaa
of {n@crument racslibrgtion. For emch UPAA,
VSIUCS for tht -a~ureglilt uncarcainry c~orrancn

w-ra rastrictod b) ●pecffic ranaac ●nd by cha
metrnrials balmnc~ ●tmwlard d~vlat{on ●quationa
for ●brupr ●nd protrsctad Ioosos. Tha cost of
improving ●ach meaour~nt uncertainty c~oanc

is datamined by ● hyporboli cotc function.
Thmraforc, wharc calculated mmaaurawnt unca--
tainty is Ianc than @at {a currantly ●chiavmbl~,

● davalo~nt coot was impcmd.

Tabla IV linta ralativa coata for dovolopi~

LW Inatrumwnt ●yntaaa thin! mat ●ach perfom-
● nca coal. on. :ost vnlt is tha ralative co-t
of ●ttaining a meaauremont uncmtalety thmt 19
ono-half that of currant mesaurwnnt taclmolo~y
[IY, ● (1/2pu~l. Each helvl~ of waoureaot mn-

cortslnty cosio tuico whet thm prmriow hmlvl~
did plu~ 1. Fnr ama.pla, the co-t of ●chlowln~
al - (l/tMul 19 J ●ndofat ● (l/aPui ia 7.
UPAA2 3 with mokly racsllbration of the pluto-
nium concantracion meaourlrq lnatmntm for tha

1’

,’,

,,\ / $“,.

●ccountability ●nd product csmp I a tanka will

met coal 1. Hence, tha total devalopmanc coot

of tha syatcm io care. If periodic recalibration

of kay transfer measuremcnta ic perfomed, cha
ralative coot of th~ oyscem can ba reduced by 30%

or -re. The relstivc coot of achieving goals J
or & io botw~n 20 &no 50 time- mor~ than che

coat for ●chievinc gosl 2.
Tablas V ●nd VI list optiml measurem~nt

uncartaintiat for the dtiinant invencoriej ●nd
cranoferr in UPAA 1 ●nd UPM 2 3 that meet tha

four parfo~nce goals (Tabla 1) while ❑inimizing’
total oy~t~mo devolopwnt cost. They liot cha

Maouramenc ● rror components for tha UPAA (c,

n, and o) ●nd thair calculated valu~, cur-

rent tcchmology value, uncortaincy contribution
to tha ●brupt and protracted goals, ●nd rel~tiva
coat .

In-procems inventory uncertaincias ● re ● n-
tirely ● function of procimion (C), There are
tw typoo of inventory dctarminations: choi /
decaminad by ● oingle mcamuramant or totinute
(cuch ● o for tht nh~ar) ●nd thoso cslculatzd
from tha product of two maasured valuet (such ● s

for th NA food tank volume and concentration).
Trmnofer uncertainties ara ● function of

prac{oion ●nd ohort-cem (1’1) and lone-tgrm

(0) correla!ad ioncrumarrt ● rrors. Thara t,re

t- tYpe~ Of trantfar detarm{nstiona: those made

by ● cin~le m@aourament (such AS for the spent
fwl) ●nd those calculstad from the product of
tw Masurammncm (Ouch ● s for che ●ccountability

tank volumm ~nd concentration).
In cho tmblaa, inventory uncartaintiec ● re

~ivcn firer, foIloved by tranofar uncarcsinticn.

R_OultO ● ra giv9n for cag~o vhere in~tru~ntz

● re not rccalibraced durin~ cha ●ccountin~ ~riod
●nd for periodic recalibration of hay cransftr

-aoureantn (-xcludin~ volume nsauremgncs).
Not@ that OUII differencao in measurement uncar-

ta{ntiac, ●nd hence r~lative coot, ●re not sig-
nificant, bmcaunm theoa diffare~ta c~ld r~ault

from n~rictl inaccureci~o in the optimiaatlon

computar prr,Sram. The dominant invanlory u.war-
Cainty tame for UPAA I raault from {n-prociaa
{nVentOry ●ociutam in tha shear, vnlonidiaar,
●nd cont(nuouo diooolver, ●nd vol~ tnd concen-

tration Maouramenco in the digtsterc ●nd Che
ftad oolution nur~a tank. The dminant crsnafgrs

I
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Error- in the inventory c.atimeteo of tha ●haar,
voloxidicer, ●nd contln.uous dioaolver ~st be

raduced fr- 202 to 13Z, 6Z, and 7Z, raopec-

tively. We need cpenc-fuel transfer meaaurementc
having ~ precision <lZ and correlated error-

of :0.2Z shore-tem ●nd 50.07Z long-term. -

For the ●ccountability tank, we need volume memo-
urements having a precinon ~0.02Z, ● ●hort-

term correlated ● rror ~0.03Z, ●nd ● long-term - <
correlated ● rror ~0.03%; snd we r*quire con-
centration 9enauremerts having a procicion . .

:0.3Z, ● ohort-tens correlated ● rror :0.lz,
●nd a long-term correlated ● rror _$.04Z. .-

To ●chieve goelo 3 or 6 requlrao meaour~nt

improvements of ●pproximtely an urder of 9egni-

tude f>r the inventories and two to three orders
of magnitude for the I-ey tranmfere. For ●xmple,

chase SOalu need inventory ●mtimetee that ● re
ICIZ and cr~nsfer correlated ● rror- thee ● re

~0.00iZ. Ciearly, these goalo will not bj
●chieved without major breakthroughs in 9emrure-
ment technology ●nd standerdc preparaciun.

Table VI liete meaourment uncertaintleo

●nd the relative coot of the dominant inventory
snd trenefer meecurennta, the four performance
goalm, ●nd the recalibration camee. For ●ach
goal, two ceoee w?e simulated:

(1) no recalibration during the ●ccounting
period, and

(2) periodic recalibration of tne ● ccounc-
●bility tank ●nd pluco ium ■ample tank
concentration ■eeeuring inocrumencs,

● nd the NDA instrument meaauring the
tludae.

We oimulated weakly recalibration for goal 1,

both weekly and .iaily recalibration for goal 2,
and deily recalibreciono for goelo 3 and 4.

lha douinsnt inventory uncertainties result

from volume ●nd concencracion ■ oamurgments of

the H* feral tenk and che 2A feed tenk contenLo.
For seal t with no recelibretion, these two in-
ventorial have e combinod ●tendard dovietinn of
7.2 kg of plutonium, whereas the l-day GHB
im 8 kg of plutonium, with VOIUM meaourment

=eking the largar contribution of the two com-
ponents.

Th~ dominent transferm ● ra tho accountabil-
ity ●nd plutonium sample tanks whare volume ●nd
concentration measurements ● rg ●ada. Of the two
wasuromenc types, tho concentration weourins
inscruw?nts require more developnnt.

Coal 1 cao be ●chieved by current rnaours-
■ cnt tecnnolosy if tha transfer concentration
IeeasurinS inmtrunnts ● rc recalibrated Wekly.

To ●chiavo goal 2 raquiram that ~lZ VOIUD8 ●nd
concentvtt ion meaourmntt be made in proceoo
cenko; ‘W.3X procition, WI.O&I calibrecion,

●nd W.Ok% otendards for VOIUN meeturrnnta
be -de in primary tranafar cenke; ●nd M.3~ pre-
cision, W.2X calibration, ●nd W.03X atandarda

for concentration uecurewnt. be mde on ●axples
from primery trenofer canko. To ●chieva Coele 3

●nd 4 t-quiram thee mesour~nt uncertsint{eo be
dacreesed by more then an order of metn{tude.

Periodic recalibration of key fnotrmnts

has ● mtrikin~ ●ffect. for ~oel 2, gm ● n ● a~

plea compara tha wohly, daily, ●nd no rectli-
brmrion cece~ for the II concet.trec{on ● rror

-, - 1 : : “’ ‘ -.

co-ponente of the accounctbility tank. Coqared

to the no recalibration camQ, weekly and daily
recelibretionm pemic increasin~ tl by ● fsccor
of %3 ●nd W, respectively. Also note chat

the relative co~t of achieving goal 2 it de-
creaned by ~30X for weekly recalibration.

VI. DISCUSSION

Thic paper dewnocretes the u-e of optimi-

zation techniques to celculate measurement uncer-
tainties thst meet Riven materials ●ccounting
●yatemo performance goals while ❑inimizing the
toLal instrument development coot. In this way

wm can anawer che following questions.
(1) Given limited development rerources,

what meanurememt technology improvements
provide the maximum increise in account-

ing ●ymtem performance?
(2) Which meaauremenc uncertainties dominate

the =Cerials balance veriance?

(3) What values of measurement uncertainties
● re required to meet ● given performance
goa I ?

?ropoaed international and domectic safe-

guards Boals require inventory measurement or

●mtimete ● rroro <0.3Z, and trancfer correlated
● rrors <0.002%. In comparison, today’c pr{-
mxry ntandarde heve error. of W.04Z. Clearly,
chsse goals cannot be achieved without mejor

breakthroughs in the measurement technology ●nd
●tandard~ preparation.

Achieving performance ● t the mecond level

(8 kg of p~utonium ●brupt ●nd 40 k~ of plutonium
protracted) mey be ● reasonable goal for the

chemical ●eparationm ● res of the HEF. This re-
quires improving in-process inventory meaduramenc
uncertainty co %lZ precision for procecs tank
volume ●nd concentration meeourements. Ic ●lDO
requires improving accountability and plutonium
sample tenk transfer ❑ esouremenc uncertainciea
to %0.042 volume calibration, %0.04% volume

mtandard~, -@Ol% concentration calibration,

and W.05Z concentration stendsrds.
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